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siRNA-mediated Allele-specific Silencing of a COL6A3 
IVIutation in a Cellular Model of Dominant Ullrich Muscular 
Dystrophy 

Veronique Bolduc^Yaqun Zou^ Dayoung Ko^ and Carsten G Bonnemann^ 

Congenital muscular dystrophy type Ullrich (UCMD) is a severe disorder of early childhood onset for which currently there is 
no effective treatment. UCMD commonly is caused by dominant-negative mutations in the genes coding for collagen type VI, a 
major microfibrillar component of the extracellular matrix surrounding the muscle fibers. To explore RNA interference (RNAi) 
as a potential therapy for UCMD, we designed a series of small interfering RNA (siRNA) oligos that specifically target the most 
common mutations resulting in skipping of exon 16 in the COL6A3 gene and tested them in UCMD-derived dermal fibroblasts. 
Transcript analysis by semiquantitative and quantitative reverse transcriptase PCR showed that two of these siRNAs were the 
most allele-specific, i.e., they efficiently knocked down the expression from the mutant allele, without affecting the normal allele. 
In HEK293T cells, these siRNAs selectively suppressed protein expression from a reporter construct carrying the mutation, 
with no or minimal suppression of the wild-type (WT) construct, suggesting that collagen VI protein levels are as also reduced 
in an allele-specific manner. Furthermore, we found that treating UCMD fibroblasts with these siRNAs considerably improved 
the quantity and quality of the collagen VI matrix, as assessed by confocal microscopy Our current study establishes RNAi as 
a promising molecular approach for treating dominant C0L6-related dystrophies. 
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Introduction 

Congenital nnuscular dystrophy type Ullrich (UCMD, 
MIM254090) is caused by mutations in one of three collagen 
VI genes (C0L6A1 (M I M* 120220), CO/-6/\2 (Ml M* 120240), 
and COL6A3 (MIM*120250)).^-3 UCMD is a severe disorder 
of early childhood onset, characterized by nnuscle weakness, 
distal joint hypermobility, progressive joint contractures, skin 
changes, and progressive respiratory failure,"^ eventually 
requiring ventilatory support.^ Currently, there are no primary 
or pharmacological treatment options available for individuals 
affected with this disease. 

Collagen VI belongs to the class of nonfibrillar collagens 
forming a network of beaded microfibrils in the extracellu- 
lar matrix. The major known collagen VI heterotrimer is 
composed of the a1 (VI), a2(VI), and a3(VI) chains encoded 
respectively by the C0L6A1, COL6A2, and C0L6 A3 genes. ^ 
All three chains have relatively short triple helical domains 
of 335-336 amino acids each, which include cysteine resi- 
dues important for higher order assembly at their N-termi- 
nal end.^ Collagen VI undergoes a sequential assembly 
process, ^° where the first three chains associate in equal 
stoichiometry to form heterotrimeric monomers. ^° Two 
monomers then associate in an antiparallel arrangement to 
form a dimer, stabilized by disulfide bonds. Finally, tetramers 
are generated by the parallel alignment of two dimers, and 
are secreted into the extracellular space, where they asso- 
ciate end-to-end to form a beaded microfibrillar network.^"^^ 



The UCMD phenotype can result from either inherited 
loss-of-function recessive mutations,^'^ or from de novo domi- 
nant mutations, ^■^'^■^^ the latter accounting for more than 50% 
of UCMD cases. ^"^"^^ Bethlem myopathy is a milder allelic dis- 
order, mostly caused by dominantly acting mutations,^^'^^-^^ 
making dominant mutations the most common mutational 
mechanism in the C0L6 genes. In-frame deletions in the 
N-terminal part of the triple helical domains of either of the 
three C0L6 genes are a frequent dominant mechanism caus- 
ing UCMD, as we and others have reported. ^'^^'^^ In particu- 
lar, in-frame skipping of exon 16 (caused by various genomic 
mutations) in the COL6A3 mRNA is the single most common 
mutation of this type.^^'^^ The resulting mutant a3(VI) chain 
contains a deletion of 18 amino acids near the aminotermi- 
nus of triple helical domain, but preserves the cysteine resi- 
due critical for higher order assembly.^^'^"^'^^ This mutation is 
presumed to exert a strong dominant-negative effect,^'^^ as 
most tetramers will incorporate at least one mutant chain. 
Consequently, normal localization of collagen VI to the base- 
ment membrane surrounding muscle fibers is lost.^'^^'^^ In 
contrast, haploinsufficiency for the collagen VI genes is not 
associated with a clinical phenotype.^'^^'^"^ 

In this study, we investigated the potential of RNA interfer- 
ence (RNAi) as a molecular therapeutic approach for domi- 
nant UCMD. Introduction of small interfering RNA (siRNA) into 
mammalian cells triggers RNAi, an endogenous intracellular 
pathway aimed at regulating gene expression and in which the 
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RNA-induced silencing complex plays a central role.^^'^^ Using 
siRNA, we selectively suppressed expression of transcripts 
carrying the most frequent exon-skipping mutation causing 
UCMD - skipping of exon 16 in COL6A3- \n UCMD-derived 
fibroblasts, without affecting the wild-type (WT) transcripts. 
This selective knockdown subsequently reduced intracellular 
retention and increased the abundance and quality of the col- 
lagen VI extracellular matrix produced by the treated cells. 

Results 

siRNAs designed to bind the exon15/17 junction of 
COL6A3 silence the mutant mRNA with variable allele 
specificity 

Skipping of exon 16 (henceforth designated as A16) of 
COL6A3 creates a novel junction between exons 15 and 
17 in the mRNA transcripts arising from the mutant allele. 
This defines a unique target sequence for siRNA bind- 
ing (Figure 1a). We designed a set of 11 siRNA oligos that 
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Flgure 1 Design of small interfering RNA (siRNA) oligos to 
target the mutant COL6A3 mRNA transcripts skipping exon 
16 (A16). (a) Schematic diagram representing the hypothesis that 
siRNAs designed to target the COL6A3 exon1 5/1 7 junction, when 
loaded into the RNA-induced silencing complex, would specifically 
recognize and bind the mutant mRNA (A16), thus promoting its 
cleavage and clearance from the cytoplasm. In contrast, these oligos 
would not bind to the normal mRNA, because of insufficient base- 
pairing recognition, (b) Sequences of the 1 1 siRNA oligos targeting 
the exon 15/17 junction. Each oligo includes a mismatch at position 
19 of the passenger (upper) strand (underlined). The seed region on 
the guide (lower) strand is also underlined. 



sequentially tile across this mutant exon 15/17 junction 
(Figure 1 b). The siRNA duplexes were stabilized by the intro- 
duction of two dT overhangs at the 3' end of each 19-nner.2^ 
To maximize entry of the guide (antisense) rather than the 
nonactive passenger strand into the RNA-induced silencing 
complex, a mismatch was also introduced at position 1 (5' 
end) of the guide strand (Figure Ib).^^ 

Fibroblasts of muscle and dermal origins strongly express 
collagen VI, so that patient-derived dermal fibroblasts could 
be used in this study. To test their efficacy and allele specific- 
ity, the 1 1 siRNA oligos were transfected into cultured dermal 
fibroblasts derived from 2 UCMD patients with A1 6 mutations in 
COL6A3 (UCMD1 and UCMD2; Supplementary Figure S1), 
and 48 hours later, the total RNA was isolated from these cells. 
The mutant (A16) and the WT mRNA fragments were easily 
distinguished by their size difference (54 bp) upon gel electro- 
phoresis following an unsaturated (26 cycles) reverse transcrip- 
tion PGR (RT-PCR; Figure 2a,b). Allele-specific knockdown is 
reported here as the ratio of intensity of the mutant over the WT 
fragments (A16/WT), so that 1 would designate no differential 
knockdown, while 0.5 and 0.25 would signify a 50 and 75% 
knockdown of the mutant relative to the WT allele, respectively 
(Figure 2a,b). With the exception of siRNA-8 and siRNA-9, all 
siRNA oligos achieved knockdown of the mutant compared 
to the WT transcripts, relative to a scrambled control (Figure 
2a,b). siRNA-1 and siRNA-2 were the most potent, showing up 
to 81% of specific knockdown of the mutant allele at 48 hours 
(Figure 2a, b). In a dose-response experiment, siRNA-1 and 
siRNA-2 were found to be efficient at all concentrations tested, 
as shown by the decreased A16/WT ratio; however their allele 
specificity was optimal between 5 and 50 nmol/l concentrations 
(Supplementary Figure S2). At 1 nmol/l, the reduced allele 
specificity may be due to the only modest knockdown of the 
mutant allele; whereas at 100 nmol/l, it may be a consequence 
of the concomitant knockdown of the WT allele, in addition to 
the mutant, as both RT-PCR fragments were reduced in inten- 
sity on gel (Supplementary Figure S2a). 

The seed regions of both siRNA-1 and siRNA-2 lie in 
exon 17 of the COL6A3 mRNA, and thus in regions shared 
by both the WT and mutant transcripts. To carefully assess 
whether these siRNAs can incidentally knockdown the WT 
COL6A3 mRNA and thus compromise allele specificity, we 
used a quantitative RT-PCR (qRT-PCR) assay to specifically 
amplify WT transcripts (using primers located in exons 15 
and 16, thus only amplifying transcripts that include exon 16; 
Figure 2c), and measure their level of expression following 
siRNA treatment (Figure 2d,e). A qRT-PCR assay amplifying 
all transcripts (using primers located in exons 9 and 10, thus 
amplifying both WT and mutant alleles; Figure 2c) was used 
for comparison (Figure 2d,e). In UCMD1 and UCMD2 cell 
lines, the specific expression of the WT COL6A3 allele was 
not decreased 48 hours after siRNA treatment (one-tailed 
Mann-Whitney f-test, siRNA-Scr versus siRNA-1 or siRNA- 
2, P > 0.05), suggesting that siRNA-1 and siRNA-2 specifi- 
cally downregulate their intended target - mutant COL6A3 
transcripts skipping exon 16 - without significant effect on 
the normal transcripts. In contrast, the relative expression of 
both the WT and the mutant transcripts were reduced after 
siRNA-11 treatment, whereas treatment with siRNA-9 had 
no effect on their expression levels (Figure 2d,e). Because 
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Figure 2 In vitro silencing of mutant COL6A3 mRNA transcripts (A16) is achieved by allele-specific small interfering RNA (siRNA) 
oligos in two congenital muscular dystrophy type Ullrich (UCMD) fibroblast lines. (a,b) Agarose gel representing a single transfection (48 
hours) of each siRNA (including a scrambled control - Scr) into two UCMD fibroblast cell lines (UCMD1 , a; UCMD2, b). Semiquantitative RT-PCR 
was performed using primers in exons 14 and 20, and was ended after 26 cycles, to prevent saturation. The lower band on the gels represents 
the mutant transcript (A16).The intensity of each fragment was quantified using imaged, and the allele-specific knockdown was reported as the 
intensity ratio of the mutant over the wild-type (A1 6/WT) fragments (graphs shown below each gel image). Each bar on the graphs represents the 
average of three single transfections (amplified three times each) ± standard error of the mean (SEM). (c) Schematic of the COL6A3 mRNA from 
the wild-type (WT) and the mutant (A1 6) alleles, showing the position of the primers used for the quantitative RT-PCR (qRT-PCR) experiment. (d,e) 
The relative expression of only the WT CO/.6/A3 transcripts (that include exon 1 6, primers placed in exons 15 and 1 6, upper panels) or of the total 
CO/-6/A3 transcripts (primers placed in exons 9 and 10, lower panels) was measured by qRT-PCR, using p-actin (ACTS) and phosphoglycerate 
kinase 1 (PGK1) as endogenous controls, in fibroblasts from (d) UCMD1 and (e) UCMD2 following transfection of siRNA oligos. Graphs depict 
the 2-^^* data. Each bar is the average of three single transfections (each amplified in triplicate) ± SEM. *P< 0.05, one-tailed Mann-Whitney For 
UCMD2, comparison of scrambled- versus siRNA-1 1 treatments could not be completed (n = 2 for these datapoints). 
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of their efficacy and allele specificity, siRNA-1 and siRNA-2 
were chosen for further characterization. 

siRNA-1 and siRNA-2 suppress protein expression from 
a mutant, but not from a WT, a3(VI) triple helical domain 
reporter construct 

Partial complementarity of a siRNA or miRNA to the targeted 
mRNA can lead to inhibition of translation without cleavage of 
the mRNA transcript.^^ To confirm the ability of siRNA-1 and 
siRNA-2 to suppress protein expression only from the mutant 
allele, we generated green fluorescent protein (GFP)-fused 
reporter constructs for both the WT and the mutant (A1 6) triple 
helical domains (Figure 3a). Each plasmid (COL6A3TH^^- 
GFP and COLGASTH^^^.gfP) was transfected into HEK 293T 
cells, along with either one of the siRNAs (siRNA-1, siRNA-2, 
or siRNA-Scr). The effect of the siRNA oligos on the expres- 
sion of the reporter constructs was examined 48 hours after 
cotransfections by detecting GFP signal in live cell imaging 
(Figure 3b). We found that compared to treatment with the 
scrambled siRNA, treatment with allele-specific siRNAs led 
to suppression of the fluorescence signal from COL6A3TH^^^- 
GFP transfected cells (Figure 3b, lower panel). In contrast, the 
allele-specific siRNAs did not substantially suppress fluores- 
cence signal from COL6A3TH^t-GFP transfected cells (Figure 
3b, upper panel). GFP immunoblotting on the cell lysates con- 
firmed that the allele-specific siRNAs preferentially suppressed 
COL6A3TH^^^-GFP expression, with no or only minimal sup- 
pression from the COLSASTH^T.Qpp allele (Figure 3c,d). 

Allele-specific silencing of the dominant-negative tran- 
script results in reduced intracellular retention and 
increased extracellular matrix deposition of collagen VI 
in dermal fibroblast cultures 

Previous work by us^'^^'^° as well as by others^^ has dem- 
onstrated that N-terminal triple helical in-frame deletions 
in C0L6A1 and COL6A2 can produce mutated chains that 
incorporate along with WT chains into tetramers, which are 
then partially retained inside the cell, but are also secreted 
and yet incapable of forming a normal matrix as a result of the 
dominant-negative effect of the mutation. Similarly, fibroblasts 
from patients with exon 16-skipping mutations in COL6A3 
also show intracellular retention of collagen VI and a reduced 
and disorganized matrix in culture. However, because of the 
large size of the a3(VI) chain, the presence of numerous 
alternative-splicing events and of heavily-glycosylated epit- 
opes, immunoblot analyses cannot conclusively discriminate 
between the mutant and the WT chains, and cannot conclu- 
sively demonstrate that the mutant a3(VI) chain is secreted 
as a result of its assembly with the WT chain. 

To first specify the compartment in which the intracellular 
collagen VI was retained, we used colocalization studies, 
and found that it was mainly localized with the ER marker 
HSP47 (Supplementary Figure S3a), but not with the Golgi 
marker giantin, nor with the lysosomal marker H4B4 (Lamp2) 
(Supplementary Figure S3b,c). We also tested whether the 
canonical ER stress pathway or the unfolded protein response 
were engaged by the retained mutant collagen VI; however, 
we found no evidence of activation of several markers (Ero1 , 
Calnexin, XBP1, IRE1, S2P, CHOP, HSP47, BIP, and PDI) by 
immunoblot or RT-PCR (data not shown). It remains possible 



a 




pcDNA3.1/CT-GFP-T0P0 



SiRNA-Scr siRNA-1 siRNA-2 




COL6A3TH^"^-G FP C0L6 A3TH^^ ^-G FP 



SiRNA- 


Scr 


1 


2 


Scr 


1 


2 

















GFP 
Tubulin 




WT A16 
Collagen a3(VI) triple helical (TH) domain construct 



Figure 3 Small interfering RNA (siRNA)-mediated allele-specific 
reduction of protein expression from reporter constructs. 

(a) Schematic representation of the two constructs used in the 
experiments, (b) Representative live images of HEK293T cells at 48 
hours posttransfection of a reporter construct (Col6A3TH^"^-GFP or 
Col6A3TH^^6-GFP) together with either one of the following siRNA 
oligos: siRNA-1, siRNA-2, or a scrambled control (siRNA-Scr). 

(c) Western-blot analysis of HEK293T cells in b. Cells were lysed 
48 hours after cotransfections, and membrane was probed with 
polyclonal anti-GFP antibody. Tubulin is shown as a loading control. 

(d) Quantification of Western-blot GFP expression, normalized 
by tubulin, measured from three independent cotransfection 
experiments. *P< 0.05, one-tailed Mann-Whitney. 

that there are alternative pathways of the nnediation of ER 
stress that are not covered by the nnarkers used here. 

We next hypothesized that if skipping of exon 16 of 
COL6A3 does exert a donninant-negative interaction, 
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elimination of the protein product generated from the mutant 
allele should remove this interference with the WT protein, 
thereby allowing for proper collagen VI assembly and signifi- 
cantly improved matrix deposition. We thus tested whether 
treatment with allele-specific siRNA oligos, in addition to 
effectively knocking-down the mutant transcripts, was also 
able to rescue the secretion and deposition of a collagen VI 
matrix in patient-derived fibroblast cells. Taking into consid- 
eration the relatively long half-life time of collagens in gen- 
eral, and accounting for the time it would take to completely 
deposit a matrix in culture, we performed three to five con- 
secutive transfections (every 2-3 days) of the allele-specific 
siRNAs (5 nmol/l) in UCMD fibroblast cultures, using scram- 
bled siRNA oligo (siRNA-Scr) as a control. Medium was then 
supplemented with L-ascorbic acid and cells were allowed 
an additional 3 to 5 days in culture, for final optimization of 
collagen synthesis and secretion. 

We studied the intracellular retention of collagen VI by using 
immunofluorescence on permeabilized cells, and showed 
that the retention of collagen VI was markedly reduced after 
treatment with siRNA-1 and siRNA-2, compared to a control 
SiRNA, for UCMD1 and UCMD3 (Figure 4a). The intracel- 
lular fraction of collagen VI was also assessed by carefully 
washing the trypsinized cells before the lysis, to remove 
all extracellular matrix. The immunoblot further confirmed 
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Figure 4 Reduced intracellular retention of collagen VI 
following small interfering RNA (siRNA) treatment in cultured 
congenital muscular dystrophy type Ullrich (UCMD) fibroblasts. 

(a) Immunofluorescence staining of collagen VI on permeabilized 
cells following three consecutive treatments with siRNA-1 , siRNA- 
2, or siRNA-Scr (scrambled control), on two UCMD cell lines 
(UCMD1 and 3). (b) Immunofluorescence staining of collagen VI 
on permeabilized cells following three consecutive treatments with 
siRNA-2 or control siRNA-Scr, and corresponding immunoblot from 
these cell lysates (right panel) showing the intracellular fraction of 
collagen VI. Cells were washed three times before collected and 
lysed, to subtract the collagen secreted in the medium. 



the reduction of intracellular collagen VI following siRNA-2 
treatment (Figure 4b). In a separate set of experiments, 
we assessed the impact of the siRNA oligos on the quan- 
tity of deposited matrix, using a confocal microscopy-based 
volumetric analysis of collagen VI matrix. In a normal control 
fibroblast culture (unaffected), we found that neither siRNA-1 
nor siRNA-2 had an effect on the deposition of collagen VI 
extracellular matrix, which appeared similar to the control 
(siRNA-Scr) culture (Figure 5a, upper panel). Upon quanti- 
fication, there was no significant difference in the collagen VI 
volume between cultures treated with allele-specific siRNAs 
versus scrambled siRNA in normal cultures (Kruskall-Wallis 
and Dunn's posttest: P > 0.05 for siRNA-1/-2 versus siRNA- 
Scr; Figure 5b). In contrast, in two UCMD mutant fibroblast 
cultures, allele-specific siRNA treatments led to a significant 
increase in the volume of collagen VI deposited in the matrix 
(siRNA-1 , P< 0.05, and siRNA-2, P< 0.05 for UCMD1 ; siRNA- 
1, P < 0.05 for UCMD3; Figure 5a,b). Moreover, treatments 
with siRNA-1 and siRNA-2 improved the colocalization of col- 
lagen VI with fibronectin, another component of the fibroblast 
extracellular matrix (Figure ea).^^ Notably, siRNA treatments 
also modified the appearance of the collagen VI microfibrils 
formed in the matrix from a speckled appearance to a solid 
and linear aspect, indicating a more normal assembly (Figure 
6b-d). Thus, treatment with the mutant allele-specific siRNA 
oligos appeared to improve both the quantity and the quality 
of the matrix, while at the same time decreasing intracellular 
retention, suggesting that with the treatment the WT isoform 
is freed up to be secreted, and to be deposited into the matrix. 

Discussion 

In this study, we tested an RNAi-based therapeutic tar- 
geting a dominant-negative exon-skipping mutation as a 
potential treatment for UCMD. Dominant-negatively acting 
mutations are frequent in the collagen VI genes, in particular 
in-frame exon skipping or glycine substitutions at the Gly-X- 
Y motifs located at the N-terminal end of the triple helical 
domain.^'^'^-^^'^^ In this location, mutations are "assembly- 
competent" explaining their strong dominant-negative effect.^ 
Molecular treatment design for this type of mutation is chal- 
lenging, but the development of RNA-based strategies, such 
as RNAi to abolish the synthesis of the dominant-negative 
interfering protein product emerges as an appropriate 
therapeutic avenue. For this approach to be successful, it 
is important to ascertain (i) the functional consequence of 
haploinsufficiency, (ii) the appropriate cell type to which the 
compounds need to be delivered, and (iii) allele specificity of 
the therapeutic compounds. We as well as others have pro- 
vided strong evidence that haploinsufficiency for any of the 
C0L6 genes does not cause a phenotype, from the observa- 
tion that parents of patients carrying loss-of-function UCMD 
mutations (either premature stop mutations or large genomic 
deletions, even spanning two of the collagen VI genes) can 
show a reduced collagen VI production, and yet are unaf- 
fected. ^'^'^"^ We have also previously shown that the cellular 
source for collagen VI and hence the cell to be targeted in 
mature muscle is the interstitial fibroblast,^^ making fibro- 
blasts an appropriate cellular model for this study. Our current 
study now demonstrates that siRNA oligos can act as potent 
allele-specific probes to target the common exon 16-skipping 
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Figure 5 Allele-specific silencing of the exon 16-skipped mRNA increases extracellular collagen VI matrix deposition in cultured 
congenital muscular dystrophy type Ullrich (UCMD) fibroblasts, (a) Representative images of immunofluorescence staining of collagen 
VI matrix, as secreted and deposited by one normal (Unaffected) and two UCMD fibroblast cell lines (UCMD1 and UCMD3). Four consecutive 
small interfering RNA (siRNA) treatments (once every 48h) were performed with either siRNA-1 , siRNA-2, or the scrambled control siRNA-Scr. 
Following the last treatment, culture medium was supplemented with L-ascorbic acid, and cells were maintained in culture 3 to 5 days to allow 
for collagen VI secretion and matrix deposition. Stacks of confocal microscopy images were acquired (section thickness of 0.5 |jm, one image 
every 0.5 |jm), and are presented as a merge. Scale bar = 38 |jm. (b) Total collagen VI volume in the matrix was quantified in each image 
(between 6 and 10 images per experiment, where each experiment was performed either once or in duplicate) by measuring the sum of the 
volume of all objects displaying a longest axis greater than 1 5 pm, using Velocity Total volume was normalized by the number of nuclei in each 
image, and plotted as dot-plot. Bars indicate the median and interquartile range. Kruskall-Wallis and Dunn's tests were applied. *P< 0.05. 



nnutation in COL6A3, and that they can alleviate several of 
the biochennical consequences of this nnutation. 

Two approaches were ennployed in our experinnents to 
assess the nnRNA transcript allele specificity of the siRNA oli- 
gos: unsaturated RT-PGR to connpare the relative expression 
of both the nnutant and the nornnal allele, and quantitative RT- 
PGR to nneasure the abundance of the nornnal transcripts (i.e., 
including exon 16) (Figure 2). Out of the systennatic series of 
11 oligos we used and which cover the nnutant exon 15/17 
junction, two (siRNA-1 and siRNA-2) displayed considerable 
allele specificity on both analyses. The high efficacy and allele 
specificity of siRNA-1 and siRNA-2 was further supported by 
the observation that they nnore specifically suppressed pro- 
tein synthesis fronn a nnutant (A16) connpared to a WT reporter 
construct in cotransfection experinnents (Figure 3), suggest- 
ing that there are also no adverse effects of the siRNA on 
WT translation. The nnild decrease of the WT protein expres- 
sion observed in cotransfection experinnents for siRNA-1 
(Figure 3d) could be the consequence of a higher siRNA: RNA 
ratio in this experinnental cell nnodel. In cultured fibroblasts, the 
two oligos nnaintained allele specificity up to a concentration 



that was 10-fold higher than the nnost effective concentra- 
tion of 5 nnnol/l, indicating a broad therapeutic range, i.e., the 
range in which the oligos are effective and yet specific, with 
a loss of specificity only occurring at 20-fold higher concen- 
tration (100 nnnol/l) (Supplementary Figure S2). Although a 
nnild degree of knockdown of the WT transcript in conjunction 
with significant knockdown of the nnutant allele nnay not cause 
nnajor problenns, reducing the allele-specificity would cer- 
tainly result in the treatnnent to lose efficacy. It rennains to be 
deternnined at precisely which ratio of the nnutant to WT allele 
innprovennent would still occur; however, clinical observation 
suggests that nnerely reducing the annount of nnutant versus 
WT allele would still be clinically beneficial. This notion is 
supported by our observation of individuals with a nnild Beth- 
lenn phenotype caused by sonnatic cellular nnosaicisnn for a 
donninant-negative severe UGMD nnutation, where decreased 
expression of the nnutant in favor of the WT allele is the basis 
for the nnilder then expected phenotype (Donkervoort 8., Hu 
Y, et al. unpublished data). Thus, even if partly connplete, 
allele-specific knockdown would still nnodify the severe UGMD 
phenotype toward a nnilder Bethlenn-like phenotype. 
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Figure 6 Allele-specific silencing of the exon-16 skipped mRNA improves the quality of the newly formed collagen VI matrix, (a) 

Immunofluorescence staining of collagen VI (green), co-stained with fibronectin (red) as secreted and deposited in scrambled small interfering 
RNA (siRNA)-treated samples (one patient, UCMD1, and unaffected cell line), or in siRNA-1 and siRNA-2-treated samples (UCMD1). Four 
consecutive siRNA treatments (once every 48 hours) were performed with either siRNA-1 , siRNA-2, or the scrambled control siRNA-Scr. 
Following the last treatment, culture medium was supplemented with L-ascorbic acid, and cells were allowed 3 days for collagen VI to be 
secreted and deposited into the matrix. Images were taken on a confocal microscopy system. Scale bar = 12 |jm. (b) Insets from images in 
a. (c,d) Qualitative assessment of collagen VI microfibrils. Five independent observers blinded to the treatment condition scored 85 different 
collagen VI microfibril images, selected from four different conditions (UCMD1 cells treated with siRNA-1 , siRNA-2, or control siRNA-Scr, and 
cells from an unaffected individual treated with control siRNA-Scr).The aspect of the microfibrils was categorized as either "discontinuous/ 
speckled", "partially continuous", or "continuous/solid", (c) Examples of collagen VI microfibril images that were unambiguously scored as 
"discontinuous/speckled", "partially continuous", or "continuous/solid", (d) Histogram of combined scoring results depicting the fraction of 
images that were scored as either "discontinuous/speckled", "partially continuous", or "continuous/solid" for each treatment condition. 



In-franne skipping of exon 16 of COL6A3 gene results in 
the deletion of 18 triple helical annino acid residues, while the 
critical cysteine residue thought to be innportant for nnononner 
and dinner fornnation is retained, ^"^'^^ thus presunnably allow- 
ing for nnutant chain incorporation into the dinner and likely 
tetranner (Figure 7). As a consequence, nnutant-containing 
tetranners nnay be secreted but not assennbled into a nornnal 
nnatrix (Figure 7).^'^'^^'^^ Our current data now serve as proof- 
of-principle that this particular type of nnutation does in fact 
act in a donninant-negative way in that we show that treat- 
nnent with siRNA alleviates the collagen VI intracellular reten- 
tion (Figure 4), and restores the secretion and deposition of 
a recognizable collagen VI nnatrix (Figures 5 and 6). Thus, 
depletion of the nnutant chain appears to free up the nornnal 
chain to assennble a nnatrix. 

In conclusion, our results contribute to establish allele- 
specific RNAi as a pronnising nnolecular approach for the 



treatnnent of donninant collagen Vl-related disorders. While an 
epidenniological study in Northern UK found their prevalence 
to be of 0.9/1 00,000 in this geographical region, the broader 
prevalence of the C0L6-related disorders is still insufficiently 
known. However, they have been found in various ethnic 
backgrounds and in fact represent the nnost connnnon sub- 
group of congenital nnuscular dystrophies in UK,^^ and the 
second nnost connnnon congenital nnuscular dystrophies sub- 
group in Australia and in Japan. ^^'^^ As donninant-negative 
nnutations account for 50 to 75% of UCMD cases^^-^^ and 
nearly 100% of BM cases,^^'^^ the allele-specific antisense 
approach we tested here can eventually be adapted and 
applied to a significant portion of patients affected with colla- 
gen VI nnutations. Recently, an antisense oligonucleotide (i.e., 
not an siRNA) targeting a polynnorphisnn in c/s of an in-franne 
exon-skipping CO/.6/A2 nnutation has been shown to pronnote 
exon skipping and out-of-franning for specifically the nnRNA 
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Figure 7 Correction of the dominant-negative impact on 
collagen VI assembly of the COL6A3 A16 mutation by small 
interfering RNA (siRNA) treatment. Schematic representation 
of the collagen VI assembly process (a) in normal conditions, and 
(b) in the presence of the mutated a3(VI) chain, resulting from the 
skipping of exon 16 in COL6A3. In a, the three chains - a1(VI), 
a2(VI), and a3(VI) - are incorporated with equal stoichiometry to 
form a monomer, followed by a stepwise process to generate normal 
functioning tetramers for secretion. In b, two different a3(VI) chains, 
encoded by the normal and the mutated allele, are produced and 
are allowed to incorporate in the monomer. This results in half of 
the monomers carrying a mutated chain (ratio of 1 :1 of the normal 
versus the mutant monomer). The mutated monomer can also form 
dimers, such that about 3 out of 4 dimers will contain at least one 
mutated chain (ratio of 1:3 of the normal versus mutant dimers). 
Finally, 15 out of 16 tetramers should retain at least one mutated 
chain (ratio of 1:15), which are partially retained inside the cell 
or are secreted and incapable of forming a normal matrix. This 
explains the strong dominant-negative effect of this mutation on the 
collagen VI assembly. Representation of the consequence of the 
siRNA treatment on the collagen VI assembly if knockdown (KD) 
of the mutated allele is of 1 00% (c), or of 75% (d). In c, the mutated 
a3(VI) is not produced, because of the siRNA KD of the mutant 
mRNA. Thus all tetramers formed are fully functional and can be 
secreted outside the cell. However, if expression from the normal 
allele is not overregulated, the total amount of tetramers formed 
should be half of what a normal cell produces. Nevertheless, since 
haploinsufficiency of collagen VI does not cause a phenotype, this 
situation corresponds to the ideal therapeutic scenario. In d, even 
if the KD is only of about 75 %, which was about the KD observed 
in vitro for siRNA-1 and siRNA-2, the downstream effect is a net 
increase in the ratio of functional tetramers (10:15, compared to 1:15 
without siRNA treatment). 

transcripts carrying the nnutation.^^ Sinnilarly, allele-specific 
knockdown of C0L3A1, C0L1A2, and C0L7A1 nnutations 
(including glycine nnissense nnutations) associated with other 
types of collagen-related disorders has been acconnplished 
by siRNA in vitro,^^-'^° and corrected for the nnutation adverse 
effects,'^^ providing assurance about the broader applicabil- 
ity of this approach to donninant nnutations in collagens. The 
hurdles of using siRNA for in vivo application in hunnans are 
their poor stability and tissue delivery^^'^^'^^; however, recent 
advances in siRNA pharnnaceuticals successfully innproved 



the physical and functional properties of these connpounds 
by using a variety of chennical nnodifications.^^'^^ An attractive 
aspect of oligo-based approach in general is the reversible 
nature of the effects as it provides an additional safety nnar- 
gin. The next step will be to bring the siRNA tested in this 
study into preclinical studies, using an appropriate aninnal 
nnodel to deternnine their in vivo efficacy and allele specific- 
ity and the optinnal delivery nnethod to reach the interstitial 
fibroblasts. We are in the process of characterizing a nnouse 
nnodel of the deletion of exon 16 in the Col6a3 as a nnodel of 
the hunnan UCMD nnutation studied here (unpublished data). 
This nnodel will be of great value to show the in vivo potential 
of RNAi to treat donninant nnutations in the collagen Vl-related 
disorders. 

Materials and methods 

UCMD patient samples. Four patients (UCMD1 to UCMD4) 
with nnutations leading to in-franne skipping of COL6A3 
exon 16 and a clinical diagnosis of UCMD were selected 
(Supplementary Figure S1). The genetic and clinical stud- 
ies were perfornned in accordance with an institutional review 
board-approved protocol and after infornned consents were 
obtained. For all patients we showed the presence of both 
the WT and the exon 16-deleted transcripts by an RT-PCR 
analysis perfornned on RNA isolated fronn prinnary fibroblast 
cultures. The in-franne skipping of exon 16 was confirnned by 
sequencing of the annplified cDNA product. In all patients, a 
de novo genonnic splice site nnutation was dennonstrated by 
genonnic sequencing. Dernnal fibroblast cultures were estab- 
lished fronn skin biopsies of each UCMD patient and an unaf- 
fected individual. 

siRNA oligos. The siRNA oligos were synthesized by Invitro- 
gen/Life Technologies (Carlsbad, CA) and annealed follow- 
ing Invitrogen's protocol. A scrannbled oligo with sinnilar CG 
content (Stealth RNAi negative control, Invitrogen) was used 
as a control. 

Reporter constructs. To create constructs expressing WT and 
nnutant a3(VI) triple helical donnains fused to a GFP reporter, 
the WT and nnutant triple helical donnains were RT-PCR 
annplified fronn RNA isolated fronn patient-derived dernnal 
fibroblasts culture. Prinners used for RT-PCR were 5'-aacttg- 
gagcggctaatgc-3' and 5'-tcaagaccacatctcgcatc-3'. Wild-type 
and nnutant PCR products were gel separated, purified, and 
cloned into pCDNA3.1/CT GFP TOPO (Invitrogen). Both 
constructs pcDNA3.1/COL6A3THWT-GFP and pcDNAS.I/ 
COL6A3TH°®'-GFP were verified by sequencing. 

Cell culture and transfection. Prinnary dernnal fibroblasts 
and HEK 293T cells were cultured in Dulbecco's nnodified 
Eagle nnediunn supplennented with 10% fetal bovine serunn 
(FBS) and 1% penicillin/streptonnycin at 37 °C in 5% CO^. 
Lipofectannine 2000 or RNAiMax (Invitrogen) was used to 
transfect prinnary dernnal fibroblasts and HEK 293T cells 
according to the nnanufacturer's reverse transfection pro- 
tocol. Briefly, siRNAs were diluted in OPTI-MEM with Lipo- 
fectannine, and transfected using 12- or 6-well plates. siRNA 
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final concentration was 5 nmol/l unless otherwise indicated. 
Dulbecco's modified Eagle medium supplemented with 10% 
FBS, but without antibiotics, was added to each well. In the 
case of sequential transfections, fibroblasts were replated 
and retransfected 48 hours after the previous transfection. 
For reporter construct transfection experiments, HEK 293T 
cells were cotransfected with 12.5 nmol/l siRNAs and 1 |jg of 
the WT or mutant reporter construct DNA. 

RT-PCR and gel analysis. Forty-eight to 72 hours after 
siRNA transfection, total RNA was isolated from fibroblasts 
using the miniRNeasy Kit (Qiagen Sciences, Germantown, 
MD). Reverse transcription reactions were performed with 
0.3 to 0.5 |jg of RNA and random primers, using the TaqMan 
Reverse Transcription Kit or the Superscript III Reverse 
Transcriptase (Life Technologies), following manufactur- 
ers' protocols. To assess the silencing of the mutant allele, 
a nonsaturating PGR protocol was developed to distinguish 
the mutant from the WT allele by molecular weight separa- 
tion on a gel. PGRs were performed with 1 |jl of cDNA in 
a total volume of 20 |jl, using Taq Advantage 2 (Glontech, 
Mountain View, GA) and the following primers: 5'-atgtatg 
acaggcccctg-3', 5Mcgaatcccaacatctcct-3'. The amplification 
cycling was as followed: a first denaturation at 95 °G for 1 
minute, followed by 5 cycles of 95 °G for 30 seconds, and 
68 °G for 30 seconds, then 5 cycles of 95 °G for 30 seconds, 
64 °C for 30 seconds, and 68 °G for 30 seconds, and then 1 5 
or 16 cycles of 95 °G for 30 seconds, 55 °G for 30 seconds, 
and 68 °G for 30 seconds, for a total of 25 or 26 cycles. A final 
extension stage of 1 minute at 68 °G was performed. PGR 
products were run on a 2 to 3% agarose gel, and images 
were obtained on a Molecular Imager Gel Documentary Sys- 
tem Gel Doc XR (Bio-Rad Laboratories, Hercules, GA). The 
intensity of each PGR band was quantified using Imaged soft- 
ware, version 1.6 (Research Services Branch, National Insti- 
tute of Mental Health, Bethesda, MD). Briefly, images were 
converted to 8-bit, and background was subtracted using a 
rolling ball radius of 20 pixels. Peaks representing each band 
were obtained using the Gel Analysis tool, and measures of 
the area under each peak were used for calculating the ratio 
of the mutant over the WT allele. Alternatively, the integrated 
density of each band was calculated with the Wand tool after 
establishing a threshold to eliminate the background, and 
these measures were used to calculate the ratio. 

Quantitative PCR (qPCR). The FastStart Universal Probe 
Master (ROX) (Roche Applied Science, Penzberg, Germany) 
was used to perform the qPGR reactions. Two microliters of 
diluted cDNA (dilution of 1/10 in RNAse-free water) was used 
in a total volume of 10 |jl for each qPGR reaction. Primers 
were added to a final concentration of either 500 or 700 nmol/l 
each, and the probe to a final concentration of 250 or 400 
nmol/l. The primers/probe combinations were designed using 
the Universal ProbeLibrary Assay Design Genter (Roche 
Applied Science) and were as follows: GOL6A3 (WT allele) 
5'-ggttccctgcaagtgctc-3', 5'-accaggatagcctcggtagc-3', and 
probe number 80 (Universal ProbeLibrary, Roche Applied 
Science); GOL6A3 (exons 9-1 0) 5'-ccagaagctcttagccagca-3', 
5'- tgtctgcagcatcactctca-3', and probe number 10; AGTB 5' 
ccaaccgcgagaagatga 3', 5' ccagaggcgtacagggatag3', and 



probe number 64; PGK1 5' cagctgctgggtctgtcat 3', 5'gctg- 
gctcggctttaacc 3', and probe 67. Reactions were run in 
triplicate on a 7900HT instrument (Applied Biosystems/Life 
Technologies, Garlsbad, GA), using the default amplification 
settings, but 57 °G as the annealing/extension temperature. 
Relative expression was determined with the 2-A'^* method 
normalized by ACTS and PGK1. 

Live fluorescent imaging and Western blotting. Forty-eight 
hours after cotransfection of siRNA and reporter plasmid 
DNA into HEK 293E cells, the fluorescence signal emanat- 
ing from the WT or mutant a3(VI) collagen domain-GFP 
fusion protein was observed and recorded with a Hamamatsu 
digital camera (Hamamatsu, Japan) mounted on an inverted 
microscope (Nikon TE300, Nikon Instruments, Tokyo, Japan). 
HEK293 cells were harvested and lysates were processed for 
immunoblotting with polyclonal anti-GFP antibody (Molecular 
Probes, Eugene, OR). Quantification of protein expression 
was done from the Western blot images using the integrated 
density measure tool of ImageJ software. GFP expression was 
normalized to tubulin. For immunobloting assessing intracellu- 
lar retention of collagen VI in fibroblasts, cells were trypsinized, 
and washed at the time of harvesting. Gells were then lysed 
using lysis buffer (Gell Signaling Technology, Danvers, MA) 
containing protease inhibitors (Roche Applied Science). Gell 
lysates were then proceeded to immunoblot with anti-GOL6A2 
rabbit polyclonal antibody (F225, kindly provided by M.L. Ghu). 

Immunofluorescence staining. After three to five consecutive 
siRNA transfections, primary fibroblasts were plated and trans- 
fected on glass chamber slides (BD Biosciences, San Jose, 
GA) to a confluence of 40-50%. After 24 hours, the medium 
was replaced with Dulbecco's modified Eagle medium supple- 
mented with 10% FBS and 50 |jg/ml ascorbic acid for an addi- 
tional 3 to 5 days. Every 48 hours, a supplement of ascorbic 
acid was added without changing the medium, for a final con- 
centration of 50 |jg/ml. At the time of harvesting, cultures were 
fixed with 4% PFA for 10 minutes, rinsed twice in phosphate- 
buffered saline (PBS), and kept in PBS before to proceed. For 
immunofluorescence staining, slides were blocked with 10% 
FBS in PBS for 1 hour, and incubated with a combination of anti- 
collagen type VI antibody (MAB1944; diluted 1:2,000, Ghemi- 
con International, Temecula, GA) and anti-fibronectin antibody 
(F3648; diluted 1:800, Sigma-Aldrich, St Louis, MO) in block- 
ing buffer. Slides were incubated with the primary antibodies for 
1 hour at RT or overnight at 4 °G, and washed twice in PBS for 
5 minutes. Secondary antibodies (goat anti-mouse-488 and goat 
anti-rabbit-568; Life Technologies) were diluted 1 :500 each in 
blocking buffer and applied on the section for 1 hour at RT. After 
two washes in PBS, sections were stained with 4',6-diamidino- 
2-phenylindole (Gell Biolabs, San Diego, GA) diluted 1:1,000 in 
PBS for 2 minutes or with Hoescht 33342 (Life Technologies) 
at 5 |jg/ml in PBS for 5 minutes, and washed in PBS, and distil- 
lated water. Slides were mounted with Fluoromount (Southern- 
Biotech, Birmingham, AL). For staining of intracellular collagen 
VI staining, the same protocol was applied, but triton was added 
in the blocking buffer to a final concentration of 0.1%. 

Confocal imaging and analysis. For matrix quantification, stack 
images of x400 magnification were acquired on a TGS SP5 
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II system (Leica Microsystems, Wetzlar, Germany). Pinhole 
was adjusted to obtain a section thickness of 0.508 pm, and 
z-stacks were acquired using 0.5 pm-sized steps. Image 
sequences were imported into Velocity 3D Image Analysis 
Software, version 6.1 (PerkinElmer, Waltham, MA). To quan- 
tify the signal emanating from the collagen VI matrix, the Find 
Objects tool was threshold to eliminate background pixels (by 
using a pixel intensity threshold of at least 4), and to find 
objects of long axis (by using a longest axis threshold of at 
least 15 |jm). The sum of the volume (|jm^) in each image 
was used as the measure of the total volume occupied by the 
collagen VI matrix. The number of nuclei in each image was 
used to normalize. To select images for the qualitative scor- 
ing of collagen VI microfibril appearance, at least six fields of 
confocal images were captured for each treatment condition 
as described above, then three to four representative areas 
of 45-|jm length were selected in each field (UCMD1: n= ^9 
for siRNA-Scr, n = 23 for siRNA-1 , n = 1 9 for siRNA-2; unaf- 
fected: n = 24 for siRNA-Scr). The resulting 85 images were 
deidentified and scrambled and then scored by 5 indepen- 
dent observers blinded to the treatment conditions. The com- 
bined scores were expressed as the fraction of images called 
"discontinuous/speckled", "partially continuous", or "continu- 
ous/solid" as determined for each treatment group. 

Statistics. Graphics and statistical analyses were performed 
with GraphPad Prism version 5.00 (GraphPad Software, San 
Diego, CA). Data in histograms are presented as mean ± stan- 
dard error of the mean. For quantitative RT-PCR and immu- 
noblot GFP expression, one-tailed Mann-Whitney f-test was 
performed. For collagen VI volume in extracellular matrix, Krus- 
kall-Wallis test was used and Dunnet's test was used for mul- 
tiple comparison tests. A significance level of 0.05 was used. 

Supplementary material 

Figure S1 . Genetic and histological description of the UCMD 
patients used in this study. 

Figure S2. Allele specificity of siRNA-1 and siRNA-2 at con- 
centration varying between 1 nM and lOOnM. 
Figure S3. The intracellular retained collagen VI in UCMD 
fibroblasts is mainly located in the endoplasmic reticulum 
(ER), but does not activate the unfolded protein response 
(UPR). 
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